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“The Sun is a mass of incandescent gas...”
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Abstract
This work builds theoretical tools to better understand nanoscale systems, and it ex-
plores experimental techniques to probe nanoscale dynamics using nonlinear optical
microscopy. In both the theory and experiment, this work harnesses nonlinearity to
explore new boundaries in the ongoing attempts to understand the amazing world
that is much smaller than we can see. In particular, the first part of this work
proves the upper-bounds on the number and quality of oscillations when the sys-
tem in question is homogeneously driven and has discrete states, a common way of
describing nanoscale motors and chemical systems, although it has application to
networked systems in general. The consequences of this limit are explored in the
context of chemical clocks and limit cycles. This leads to the analysis of sponta-
neous oscillations in GFPmut2, where we postulate that the oscillations must be due
to coordinated rearrangement of the beta-barrel. Next, we utilize nonlinear optics
to probe the constituent structures of zebrafish muscle. By comparing experimental
observations with computational models, we show how second harmonic generation
differs from fluorescence for confocal imaging. We use the wavelength dependence
of the second harmonic generation conversion efficiency to extract information about
the microscopic organization of muscle fibers, using the coherent nature of second
ix
harmonic generation as an analytical probe. Finally, existing experiments have used
a related technique, sum-frequency generation, to directly probe the dynamics of free
OH bonds at the water-vapor boundary. Using molecular dynamic simulations of
the water surface and by designating surface-sensitive free OH bonds on the water
surface, many aspects of the sum-frequency generation measurements were calcu-
lated and compared with those inferred from experiment. The method utilizes results
available from independent IR and Raman experiments to obtain some of the needed
quantities, rather than calculating them ab initio. The results provide insight into
the microscopic dynamics at the air-water interface and have useful application in the
field of on-water catalysis.
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1Chapter 1
Introduction
The nanoscale is the spatial regime at least 10 times larger than atoms and simple
molecules, yet also 10 times too small to be resolved by the unaided human eye. Such
small things are often readily disturbed by the constant jostling of their air and liquid
environments. A grandfather clock that is 50 nm tall will not tick, no matter how
precisely it is machined. A bacteria does not swim by paddling through water like a
fish, instead it moves by spinning a flagella. Making things smaller can make them
different. Gold, when broken down into 10 nanometer crystals, transforms in color
from the familiar shiny metal into a deep red, and silver turns yellow. Hence, nan-
otechnology is exciting not just because we can make big things smaller but because
we can make new things.
A crystal composed of thousands or millions of atoms may have completely differ-
ently properties from its isolated constituent atoms and may also be different from a
larger version of the same crystals. At first, this would be no surprise to someone like
a baker, who transforms unpalatable flour, salt, baking soda, fat, and sugar into deli-
cious doughnuts. But, making a doughnut is a series of chemical reactions, while the
changes in size-dependent properties occur spontaneously. A better analogy would be
2making a doughnut by cutting it out of a pizza, and suddenly it was sweet and savory,
or by squeezing two pieces of rye bread together and ending up with tasty dessert.
These metaphors are drawn from examples in this thesis, where we explore how the
optical properties of water at the water-vapor boundary are different from those in
the liquid bulk. We prove that making a system larger may allow it to oscillate longer
and more predictably. Finally, we consider how the microscopic arrangement of pro-
tein fibers in muscle interact nonlinearly with laser light, yet a different arrangement
of the same proteins on the nanoscale would make such a nonlinear interaction im-
possible. We use this information to learn more about the organization of muscles on
the microscopic level.
Nanoscale systems often contain a limited number of relevant states,1 and we
often want to do something useful with those states, such as operate a motor pro-
tein or convert light into electricity. These require highly correlated dynamics that
persist in time. Unfortunately, damping by the environment, due to buffeting by sol-
vent molecules, tends to prevent oscillatory dynamics which might be necessary for
successful operation of nano-machines or chemical systems. The second law of ther-
modynamics implies that no macroscopic system may oscillate indefinitely without
consuming energy, so dissipation is not surprising prima facie. Yet, the maximum
number of possible oscillations and the coherent quality of these oscillations remain
unknown, until now. The first part of this work proves the upper-bounds on the num-
ber and quality of such oscillations when the system in question is homogeneously
1An obvious exception to this rule would be living biological systems. They are both nanoscale
and have a large number of relevant states, but we try our best to focus on only the most essential
parts.
3driven and has discrete states. In a closed system, the maximum number of oscilla-
tions is bounded by the number of states. In open systems, the system size bounds
the quality factor of oscillation, which is a figure of merit for the predictability of
recurring behavior. This work also explores how the quality factor of macrostate
oscillations, such as would be observed in chemical reactions, are bounded by the
smallest loop in the reaction network, not the size of the entire system. The conse-
quences of this limit are explored in the context of chemical clocks and limit cycles.
This leads to the analysis of spontaneous oscillations in denatured GFPmut2, where,
using these principles, we identify the oscillation mechanism to be the coordinated
rearrangement of the hydrogen bond network of the β-barrel. We further calculate
that the oscillations are touched off by one of the major loops adjoining the β-barrel,
which provide a verifiable means to control the oscillation period.
To optically probe probing nanoscale systems of biological relevance with conven-
tional techniques often requires one to use a focused laser to achieve highest possible
signal contrast and resolution. Fluorescent labels in the sample absorb light from
the laser and emit a photon with less energy. The detection of the low-energy pho-
ton then indicates the presence of the labeled object of interest. Unfortunately, the
diffraction limit leads to a fundamental bound of the resolving power of the conven-
tional microscope. To achieve higher resolution, we utilize nonlinear optics to probe
the constituent structures of zebrafish muscle. In this case, nonlinearity is a tool for
extracting additional information. Because the myosin fibers are asymmetric on the
nanoscale, they have the ability to fuse two photons into one, a process known as sec-
4ond harmonic generation. Instead of looking for a photon with less energy than the
incoming laser, as with fluorescence, we try to detect photons with twice the energy
of the incoming light. Second harmonic generation (SHG) based images can be very
similar to fluorescence but with up to twice the resolution. Additionally, because light
produced via second harmonic generation is coherent, while fluorescence is incoher-
ent, the images have subtle yet significant differences, which we explore and explain.
We use the wavelength dependence of the second harmonic generation conversion ef-
ficiency to extract information about the microscopic organization of muscle fibers,
using the coherent nature of second harmonic generation as an analytical probe.
Second harmonic generation only occurs when the underlying material is asymmet-
ric on the nanometer scale, and this is always the case at the boundary between two
different materials. Existing experiments have used technique related to SHG, called
sum-frequency generation (SFG), to directly probe the dynamics of free OH bonds
at the water-vapor boundary. Using molecular dynamics simulations of the water
surface, and by designating surface-sensitive free OH bonds on the water surface, we
attempt to computationally reproduce the SFG experiment. The corresponding SFG
susceptibility measurements were calculated and compared with those inferred from
experiment. The method utilizes results available from independent IR and Raman
experiments to obtain some of the needed quantities, rather than calculating them
ab initio, allowing us to focus on the components of the water dynamics that best
capture the observed SFG signature. We determine that the rotational dynamics,
with a small quantum correction, are sufficient to produce the observed SFG signal.
5The results provide insight into the microscopic dynamics at the air-water interface,
and has useful application in the field of on-water catalysis.
To properly establish the path through all of these topics, I note my role in
each. The first chapter is work which I have undertaken myself. The research on the
GFPmut2 oscillations was directed by Rudy Marcus and advised by Scott Fraser, but
the work is primarily my own. The work on zebrafish muscle was a close collaboration
with Bill Dempsey, under the direction of Scott Fraser. Bill prepared all of the
zebrafish for imaging, injected the morphants, and produced the transgenic fish. I
imaged the fish and conducted the computations and theory. The SFG project was
directed by Rudy Marcus, and it has since been published [1] and an addendum as
been posted with necessary updates.2 Yanting Wang produced the MD simulations.
Yousung Jung and Professor Marcus spearheaded the project. I helped construct the
theory with Professor Marcus and process the simulation data. Without this help
and guidance from all of these individuals, especially Professors Marcus and Fraser,
I certainly would not have much to report, nor would I know nearly as much as I do
now.
2http://www.rsc.org/suppdata/cp/c0/c0cp02745f/addition.htm
